If a honeybee (Apis mellifera) colony loses its queen, worker bees develop their ovaries and produce male offspring [1] . Kin selection theory predicts that the degree of altruism in queenless colonies should be reduced because the relatedness of workers to a hivemate's offspring is less in queenless colonies than it is to the daughters of the queen in queenright colonies [2] [3] [4] . To explore this hypothesis, we examined the behavior and physiology of queenless egglaying workers. Queenless bees engaged in both personal reproduction and the social foraging and defense tasks that benefited their colony. Laying workers also had larger brood-food-producing and wax glands, showing metabolic investments in both colony maintenance and personal reproduction. Whereas in queenright colonies there is a very clear age-based pattern of division of labor between workers, in queenless colonies the degree of individual specialization was much reduced. Queenless colonies functioned as a collective of reproductive and behaviorally generalist bees that cooperatively maintained and defended their nest. This social structure is similar to that observed in a number of primitively social bee species [5] . Laying workers therefore show a mix of selfish personal reproduction and altruistic cooperative behavior, and the queenless state reveals previously unrecognized plasticity in honeybee social organization.
Summary
If a honeybee (Apis mellifera) colony loses its queen, worker bees develop their ovaries and produce male offspring [1] . Kin selection theory predicts that the degree of altruism in queenless colonies should be reduced because the relatedness of workers to a hivemate's offspring is less in queenless colonies than it is to the daughters of the queen in queenright colonies [2] [3] [4] . To explore this hypothesis, we examined the behavior and physiology of queenless egglaying workers. Queenless bees engaged in both personal reproduction and the social foraging and defense tasks that benefited their colony. Laying workers also had larger brood-food-producing and wax glands, showing metabolic investments in both colony maintenance and personal reproduction. Whereas in queenright colonies there is a very clear age-based pattern of division of labor between workers, in queenless colonies the degree of individual specialization was much reduced. Queenless colonies functioned as a collective of reproductive and behaviorally generalist bees that cooperatively maintained and defended their nest. This social structure is similar to that observed in a number of primitively social bee species [5] . Laying workers therefore show a mix of selfish personal reproduction and altruistic cooperative behavior, and the queenless state reveals previously unrecognized plasticity in honeybee social organization.
Results and Discussion
Honeybees (Apis mellifera) form one of the most complex animal societies. Within a colony, the single queen is typically the sole reproductive, supported by thousands of her daughters, who form a highly specialized and sterile worker caste. Kin selection theory has provided a framework for understanding the evolution of these pronounced social and altruistic traits [6] [7] [8] . The theory proposes that altruistic traits would be selected for and spread if they increase the reproductive success of the altruists' relatives [7, 8] . The unusual kin structure of queenright haplodiploid hymenopteran honeybee colonies provides conditions that promote both the evolution of worker altruism and mutual enforcement of worker sterility by policing [9, 10] . Indeed, both evidence and theory suggest that the level of altruism seen in an animal society (considered in terms of investment in colony maintenance and raising relatives' offspring rather than personal reproduction) is a function of the relatedness structure of the colony [11] [12] [13] .
If workers are unable to raise a replacement queen, the colony becomes hopelessly queenless. In this phase, the only reproductive options available to workers are to produce their own male offspring (workers cannot mate, and their haploid eggs develop into males) or assist other workers in reproducing and thereby raise their nephews [1, 14, 15] . The relatedness structure of a queenless honeybee colony is radically different from a queenright colony [11] , and under such conditions, the level of altruism displayed by workers is expected to decrease and the degree of reproductive conflict to increase [11, 12] . It is well known that many queenless workers develop their ovaries and lay eggs ( Figure 1A ). Under those circumstances, it is commonly assumed that reproductive workers selfishly prioritize their own reproduction over colony tasks; this raising of sons offers a direct fitness benefit, as compared to assisting with raising less-related nephews or brothers [16] [17] [18] , and should cause workers to stop performing the demanding and risky foraging and defensive tasks that benefit the colony [18, 19] . However, the behavior of workers in queenless honeybee colonies has been little studied. Here, we examined the behavior and physiology of workers in hopelessly queenless colonies to determine whether altruism persists, and to examine the nature of social organization in the queenless condition.
Foraging benefits the colony but is both metabolically costly [20] and risky [21] for the individual bee. To determine whether laying worker bees engaged in personal reproduction continue altruistic behaviors, we sampled forager and nonforager bees from queenless colonies and dissected them to assess their level of ovary activation [22] . We found no difference in the degree of ovary activation between forager and nonforager bees ( Figure 1B) . Furthermore, in comparisons of age-matched samples taken from three independent queenless colonies, at 14 days of age there was no difference in the level of ovary activation between foragers and nonforagers, but at 21 days of age the overall degree of ovary activation was higher in foragers, and foragers were more likely to have fully developed ovaries (containing at least one developed egg) than nonforagers (Wald c 2 = 9.216, n = 73, df = 1, p = 0.002). In addition, bees that were marked in the act of laying were as likely to be later observed foraging as bees that did not lay (Wald c 2 = 0.300, n = 30, df = 1, p = 0.5839; see Figure S1 available online). For these analyses, ovary development was scored on a five-point scale following [22] . Collapsing these data to a binary scale considering levels 1 and 2 as inactive and levels 3+ as active (a common convention for these data), we found that ovary development was significantly influenced by the presence or absence of the queen (generalized mixed model assuming binomial error: analysis of deviance: p < 0.001) and varied between colonies in our study (p = 0.038), but there was still no significant difference in levels of ovary activation between foragers and nonforagers (p = 0.426). A similar mode of analysis confirmed no difference in ovary development between foragers and nurses (p = 0.785), source colony (p = 0.226), or age (p = 0.724) in the age-matched samples collected at 14 and 21 days old. In summary, several experiments conducted with seven different colonies showed that reproductive workers in queenless colonies are as likely to forage as bees with less-developed ovaries.
Foraging is individually costly, but participating in colony defense is suicidal because the act of stinging causes the death of the individual worker. To test whether laying workers altruistically engage in colony defense, we disturbed a queenless colony by removing the hive cover and shook a black lure over the exposed honeycombs to then sample bees that attacked the lure and bees that did not. There was no difference in the level of ovary activation between attackers and nonattackers ( Figure 1C ). We also tested the likelihood to sting in response to an electric shock in a laboratory assay for aggressiveness [23] . Level of ovary activation had no effect on the likelihood of stinging in response to the shock stimulus (Figure 1D ). Furthermore, there was no difference in the likelihood to sting for bees with fully developed ovaries compared to those without (Fisher's exact p = 1.0), or those observed to have laid an egg compared to randomly sampled control bees (Fisher's exact p = 0.279; Figure 1E ). Taking these results together, multiple experiments conducted with five colonies indicated that reproductive workers in queenless colonies are as likely to engage in colony defense as bees with less developed ovaries. In addition to engaging in personally risky behaviors that benefit the colony, reproductive workers in queenless colonies also metabolically invested in brood food and wax production for the good of their colony. Queenright honeybees show precise task-related physiological specializations, with a negative association between ovary development and development of the brood-food-producing hypopharyngeal glands (HPGs) [16] , demonstrating a physiological trade-off between personal reproduction and investment in colony maintenance. By contrast, we observed a significant positive correlation between ovary development and HPG development in bees from queenless colonies (Figure 2A ). There was also a significant positive correlation between ovary development and the number of fully formed wax flakes produced by the abdominal wax glands ( Figure 2B) .
The observed coactivation of HPGs and wax glands in queenless bees deviates markedly from the precise taskrelated physiological specializations typically seen in workers from queenright colonies, which have a predictable age-based system of division of labor [1, 24] . To explore this further, we performed direct comparisons of bees in queenright and queenless colonies of similar population sizes. After marking all foragers over the course of at least two days, we collected them along with samples of nonforaging hivemates and measured development of the ovaries, HPGs, and wax glands. Figure 2D ) than those in queenright colonies (N = 3). Similar results were obtained for a sample of queenless foragers that were 8 weeks old and were known to have been foraging since 3 weeks of age ( Figure S2 ).
Principal component analysis based on ovary, HPG, and wax gland development measurements (N = 6 colonies, n = 165 individuals) revealed that whereas queenright workers differentiated into separate forager and nonforager clusters, queenless workers did not (Figure 3) . These results indicate that task specialization has broken down in queenless colonies, with forager bees maintaining the capacity to engage in brood care and colony maintenance tasks as well as personal reproduction.
Previous reports have shown a negative association between level of ovary development and level of foraging activity [17, 19, 25] and HPG development [16] in queenright colonies, where full ovary activation and worker reproduction are very rare. Although in this study we did not directly compare worker activity levels in queenright and hopelessly queenless colonies, we have conclusively shown that queenless workers split investment between both their own personal reproduction and the altruistic behaviors of foraging, colony defense, and maintenance, and that engaging in personal reproduction does not reduce the likelihood of bees engaging in colony defense and foraging roles.
In a queenright colony, worker task specialization is organized by temporal polyethism, with bees beginning life engaged in in-hive tasks and delaying high-risk colony defense and foraging tasks until later in life [26] [27] [28] . Elements of this pattern were preserved in queenless colonies, in that most queenless workers commenced foraging when >2 weeks old (comparable to behavioral development in queenright colonies; Figure S3 ). Beginning high-risk foraging tasks later in life is a common pattern across social insects and appears to be an evolved strategy to maximize lifespan, lifetime colony investment, and personal reproduction [26, 29] . This basic pattern was preserved in queenless colonies, but unlike in queenright colonies, bees did not then exclusively specialize on foraging.
The generalist behavior of reproductive workers in queenless colonies that forage and defend the hive while maintaining the ability to care for brood, build comb, and lay eggs is similar to solitary or primitively social bees. Queenless honeybee colonies resemble a communal form of social organization called ''quasisociality,'' defined as individuals of a single generation that share a nest and exhibit cooperative brood care [5] . This type of sociality is exhibited by many euglossine orchid bees [5] , the most closely related extant taxon to the honeybees [30] . The queenless state thus exposes heretofore unrealized plasticity in honeybee social organization, with queenless bees manifesting an atavistic social structure typical of many primitively social species.
Our data support the predictions from kin selection models that reproductive conflict is increased in queenless colonies [11] , but altruism is far from eliminated, and individual bees split investment between selfish and altruistic behavior. For a hopelessly queenless colony, there may be a strong selective advantage for reproductive workers to prolong the life of their failing colony as long as possible to maximize chances of successful male production. In quasisocial species of bees, individuals benefit from cooperative group defense, ''life insurance'' via cooperative brood care, and other forms of reciprocity [9] . Even in colonies founded by completely unrelated individuals, seen in some ant species, there is a benefit to cooperation between the unrelated egg-laying foundresses [31] . Reproductive queenless honeybees may obtain similar fitness benefits by directing resources and costly but beneficial behaviors toward supporting their colony, raising the fitness of all [32] .
The hopelessly queenless state is the terminal phase of a honeybee colony, because a colony that cannot raise workers cannot survive. But even in this late stage, reproductive workers communally maintain and defend their nest. Queenless colonies continue to function as a cooperative unit but display a simpler social order, reduced behavioral specialization, and worker investment in both colony maintenance and personal reproduction.
Experimental Procedures
Honeybee Colonies All colonies were mixed races of Apis mellifera, mostly ligustica. Colonies 1-4 were each established on January 13, 2011 at Macquarie University, North Ryde campus, New South Wales, Australia. Each colony was started from a 1 kg ''package'' of bees from Australian Queen Bee Exporters. Packages are artificial swarms created by collecting young worker bees en masse from the brood nests of many different colonies and represent a mix of genotypes. They were installed into hives with five honeycomb frames: two frames of honey; one frame with a cell diameter appropriate for male larvae; and two frames that contained a mix of empty cells, pollen, honey, and worker brood. The hives were monitored for replacement queen cells, which were removed in colonies 1, 2, and 4. Colony 3 was allowed to rear a replacement queen to serve as a queenright control. After worker-laid brood appeared, frames of honeycomb containing brood were taken from queenright colonies and placed in an incubator at 34 C. One-day-old adult workers that came from these frames were marked with a paint dot on the thorax and introduced as cohorts of 1,000 individuals into each of the colonies. Colonies 5-10 were created by moving five frames of honeycomb (as above) and several thousand workers from a large colony into a new hive. Colonies 5, 6, 7, and 9 were created queenless, whereas colonies 8 and 10 had the queen moved along with her workers to the new hive. The four queenless colonies were monitored, and the rearing of replacement queens was prevented to force the colonies to become hopelessly queenless. Colonies 5 and 6 were established in Sydney, Australia, and colonies 7-10 were established at the University of Illinois Bee Research Facility, Urbana, Illinois, USA. Colonies were transported to a new location to prevent the bees from flying back to the original hive. Experiments were not started until the first worker-laid brood appeared.
Foraging Assays
To compare ovary activation between foragers and nonforagers of known age, we monitored the paint-marked cohorts in colonies 1, 2, and 4 for at least four periods of 15 min per day before midday and another four periods after midday. Foragers were identified by either a visible pollen load on the corbicula or a distended abdomen and were painted on the abdomen with a unique color for each day. This continued from day 8 to day 21 of age. During this interval, frames were occasionally removed from the hive, and bees observed in the act of laying eggs were marked with a paint dot, as were random control bees nearby. The foraging behavior of these bees was recorded. On days 14 and 21, the hive was opened, and bees marked as foragers and bees from the cohort without a foraging mark were collected. For bees of natural age demographics, all of the foragers from colonies 3 and 5-10 were marked over the course of 2-4 days. Foragers and nonforagers were then collected as they returned to the hive and from inside the hive, respectively. Additionally, 8-week-old bees were collected from colonies 1 and 2 to test whether the maintenance of developed glands into the foraging phase was a result of a younger age at first forage.
Defensive Assays
Defensive behavior was measured in colonies 1, 2, 4, 5, and 6 by removing a honeycomb frame from the colony and waving a black lure over it. The lure consisted of small leather patch with three stings on it from bees from another colony, surrounded by a ball of black feathers. Bees that flew to and attacked the lure were collected, as well as those that did not respond (considered controls). For the electric shock assays, bees from these colonies that were directly observed laying eggs as well as random nearby control bees were collected individually into vials. Bees were then transferred to a 12 3 12 cm arena with a floor composed of parallel stainless steel wires 2 mm in diameter. A BK Precision 1696 power supply was used to apply a constant 9V stimulus; this voltage was shown in pilot experiments as well as previous studies [23] to be a good discriminating voltage between bees that will versus those that will not sting. Two experimenters, blind to the behavioral group of the bee, observed whether or not the bee stung at the device. Bees were then collected into ethanol for ovary dissections. Principal component analysis of HPG, wax gland, and ovary development revealed that foragers (green, 3) and nonforagers (brown, 6) from queenright colonies formed distinct clusters, whereas foragers (blue, B) and nonforagers (red, +) from colonies with laying workers did not.
Dissections and Gland Scoring
All dissections were performed under dissecting microscopes with the experimenter blind to the behavioral group of the bee. The level of ovary activation was scored on a 1-5 scale in accordance with [22] . HPGs were scored on a 1-3 scale, with a score of 1 representing completely underdeveloped or atrophied glands and a score of 3 representing fully developed glands that filled the internal space between the brain and anterior cuticle. Wax gland development was scored by counting the number of fully formed wax flakes on the abdominal sternites. Zero or one flakes were considered ''low,'' two or three flakes ''middle,'' and four or more flakes ''high'' in terms of gland development.
Statistical Analysis
Wald c 2 , Fisher's exact tests, and least-squares regressions were performed using MYSTAT 12 (Cranes Software International). Ordered logits were performed using STATA version 9.2 (StataCorp). For comparing ovary activation between foragers and nonforagers or defensive and nondefensive bees, level of ovary activation was analyzed with an ordered logit model with behavioral classification, colony number, and the interaction as explanatory variables. For comparing HPG activation, the level of activation was also analyzed with an ordered logit model with colony type (queenless or queenright) and colony number as explanatory variables. Principal component analysis was performed in SAS 9.2 (SAS Institute). HPG, wax, and ovary data were transformed using PROC PRINQUAL, and principal components were generated using PROC FACTOR, with jitter applied to allow multiple points occupying the same two-dimensional space to be visible.
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